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Abstract: Background: Pseudoxanthoma elasticum (PXE) is a rare ectopic calcification genetic disease
mainly caused by ABCC6 rare sequence variants. The clinical phenotype is characterized by typical
dermatological, ophthalmological and cardiovascular manifestations, whose frequency and severity
are differently reported in the literature. Methods: A retrospective study was performed on 377 PXE
patients of Italian origin, clinically evaluated according to the Phenodex Index, who underwent
ABCC6 biomolecular analyses. Moreover, 53 PXE patients were further characterized by in-depth
ophthalmological examinations. Results: A total of 117 different ABCC6 rare sequence variants
were detected as being spread through the whole gene. The severity of the clinical phenotype was
dependent on age, but it was not influenced by gender or by the type of sequence variants. In-depth
ophthalmological examinations focused on the incidences of coquille d’oeuf, comet lesions, pattern
dystrophy-like lesions, optic disk drusen and posterior-pole atrophy. Conclusion: Given the large num-
ber of patients analyzed, we were able to better evaluate the occurrence of less frequent alterations
(e.g., stroke, myocardial infarction, nephrolithiasis). A more detailed description of ophthalmological
abnormalities allowed us to stratify patients and better evaluate disease progression, thus suggesting
a further update of the PXE score system.
Keywords: PXE; phenotype; Phenodex; atrophy; comet lesion; pattern dystrophy; ABCC6
1. Introduction
Pseudoxanthoma elasticum (PXE, OMIM 264800) is a rare genetic disease (1:25,000–1:50,000)
characterized by progressive calcification of the elastic component within soft connective
tissues [1]. It mainly affects the skin, blood vessels and the eyes, with the latter being the
most severely affected in terms of the impact on a patients’ quality of life. Microcalcifica-
tions can be also detected in several other organs [2], which do not appear to be clinically
affected by the disease and exhibit laboratory parameters within a normal range.
Skin alterations are usually in the form of round yellowish papules that, over time,
form large plaques frequently associated with areas where skin becomes wrinkled and
redundant [3].
Cardiovascular manifestations (e.g., diminished or absent peripheral vascular pul-
sations, accelerated atherosclerosis, premature intermittent claudication and possibly also
hypertension) can already be observed before the third or fourth decade of life, and are
mainly due to the calcification of the elastic laminae of medium sized arteries [4]. A great
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difference in the incidence of myocardial and cerebral infarction, or stroke, has been re-
ported in a number of studies [5,6]. Moreover, due to the frailty of calcified submucosal
vessels, about 10% of PXE patients may exhibit gastrointestinal hemorrhages [7].
In PXE, calcification of the Bruch’s membrane leads to the typical ocular alterations,
usually described as peau d’orange, that generally precede angioid streaks [8,9]. Over
the course of the disease, almost all PXE patients develop angioid streaks and choroidal
neovascularization (CNV), which are responsible for progressive decreased central visual
acuity and can lead to legal blindness [10,11].
Although PXE has been associated [12] with mutations in the ABCC6 gene since 2000,
the clinical expression of the disease is highly heterogeneous, with considerable variation
in age of onset, progression and severity, even within the same family and in the presence
of identical DNA sequence variants [13–15]. At present, 539 different variants have been
described in the ABCC6 gene (https://databases.lovd.nl/shared/genes/ABCC6 (accessed
on 25 March 2021)), of which more than 350 are rare and considered pathogenic [16].
The aim of our study was to retrospectively investigate a large cohort of PXE patients,
all of Italian origin, to better evaluate their phenotype, while also looking at less frequent
alterations (e.g., stroke, myocardial infarction, nephrolithiasis). Moreover, given the impact
that visual impairment/loss has on PXE patients and the improvement in retinal imaging
techniques, we performed a more detailed description of ophthalmological abnormalities
on a subgroup of patients so as to better evaluate disease progression and improve PXE
patients’ counselling.
2. Materials and Methods
2.1. PXE Patients and Genetic Analyses
In the present study, a cohort of 377 PXE patients of Italian origin was retrospectively
investigated (from 2008 to 2018), and data were collected at the time of biomolecular diag-
noses. Clinical diagnosis was performed on the observation of typical cutaneous and/or
ocular manifestations. Moreover, to confirm clinical diagnosis, pathogenic sequence vari-
ants were investigated by Sanger sequencing of the 31 exons of the ABCC6 gene on genomic
DNA isolated from whole blood in EDTA (QIAamp blood kit, Qiagen GmbH, Hilden, Ger-
many), according to standard procedures [17]. Long-range PCRs using primers positioned
at the flanking regions were conducted to detect shorter PCR fragments compared to
controls, allowing us to identify large deletions [17]. Patients with unidentified variant
alleles also underwent multiplex ligation-dependent probe amplification (MLPA) analysis,
as already described [18].
The severity of the clinical phenotype (i.e., skin, eye, cardiac, gastrointestinal, renal
and vascular manifestations) was globally evaluated according to the Phenodex index,
which was updated by Legrand and coworkers [19]. Patients who were initially scored
according to the first published Phenodex index [20] were later reconsidered in light of
new parameters [19].
2.2. In Silico Analysis for Pathogenisity Predictions of Rare Sequence Variants
Rare sequence variants were named according to the nomenclature recommendations
of the Human Genome Variation Society (HGVS) (http://www.hgvs.org (accessed on
15 January 2021)).
All rare sequence variants found through genetic testing were classified into five
classes, according to the guidelines of American College of Medical Genetics and Genomics
and the Association for Molecular Pathology (ACMG/AMP) [21]: benign (C1); likely
benign (C2); uncertain significance [(VUS) (C3)]; likely pathogenic (C4); and pathogenic
(C5). In particular, we used the VarSome platform (https://varsome.com/ version: 9.1.2
(accessed on 15 January 2021)), a human genomic variant search engine, which includes
information from several external databases (e.g., disease databases, scientific and medical
literature, in silico prediction programmes, functional data) and evaluates the submit-
ted variant according to the five classes [22]. Moreover, for new missense variants, we
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performed additional in silico analyses with software not included in the free version of
VarSome: Polyphen-2 (Polymorphism Phenotyping v2) to assess the impact of variants on
protein structure or function [23], where a value close to 1 indicated a high “security” of
the prediction. Panther was used to predict the effect of non-synonymous substitutions
while looking at sequence conservation using multiple sequence alignments [24], and Align
GVGD was used to combine the biophysical characteristics of amino acids and protein
multiple sequence alignments [25]. The GVGD score goes from 0 (no pathogenic) to 65
(highly predicted as pathogenic).
2.3. Ophthalmologic Examinations
All 377 PXE patients, spread throughout Italy, underwent routine ophthalmological
examination, OCT or fluorescein examination.
Moreover, among patients who visit the Eye Clinic in Florence in the period from 2012
to 2016, 53 PXE patients, the clinical diagnosis of whom was confirmed by two pathogenic
ABCC6 rare sequence variants, underwent in-depth ophthalmological examination with
advanced fundus imaging techniques: wide-field color fundus photographs, wide-field
fundus autofluorescence examination (FAF) and OCT-angiography (OCT-A).
Atrophy was defined as dropout of the retinal pigment epithelium (RPE) and vis-
ibility of the choroidal vessels on fundus color photographs, clearly demarcated hypo-
autofluorescent areas on FAF. On OCT, the loss of the ellipsoid zone and RPE band, and
associated hyper-transmission posterior to Bruch’s membrane, were considered to support
the diagnosis of atrophy. We classified the extensive atrophic area which involved the
entire posterior pole as posterior pole atrophy, including atrophy surrounding the CNV
when the extension affected the entire posterior pole.
Active or inactive CNV was defined by the following findings: intra- or sub-retinal
fluid on OCT imaging (in selected cases, in combination with leakage on angiography),
intra- or sub-retinal hemorrhage, signs of sub-retinal fibrosis on fundus color and/or OCT
images and the presence of CNV signs using OCT-A.
Patients were diagnosed with pattern dystrophy-like changes (PD) by at least two of
the authors (VM, LP and DPM), based on clinical, angiographic, fundus autofluorescence
and OCT findings and, when possible, these patients were divided into PD subgroups
according to Gass pattern dystrophy classification [26].
2.4. Statistical Analyses
Data were analyzed with GraphPad Prism software, version 8 for MAC (GraphPad
Software, San Diego, CA, USA). Correlation between age and Phenodex score was assessed
by linear regression analysis, with 95% confidence intervals. The incidence of clinical
characteristics between PXE patients and the general population was assessed using the
Pearson chi-square test and the Fisher’s exact test when the number of cases in a subgroup
analysis was too low. p < 0.05 was considered statistically significant.
3. Results and Discussion
3.1. ABCC6 Rare Sequence Variants
Biomolecular analyses of the ABCC6 gene were performed on a cohort of 377 who
were exhibiting clinical manifestations supporting the possible diagnosis of PXE (Figure 1).
In particular, 18 patients (mean age 52 ± 19 yrs) exhibited skin alterations suggestive
of PXE and were negative for ABCC6 rare sequence variants. Skin biopsies were available
for 6/18 patients, and ultrastructural examination revealed the absence of the typically
mineralized elastic fibers, suggesting that clinically observed skin lesions were likely due
to the age of subjects or other diseases with a dermatological overlapping phenotype (e.g.,
Cutis laxa, Ehlers Danlos, Buschke Ollendorff).
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Figure 1. Study flowchart of patients investigated in the present study. 
In particular, 18 patients (mean age 52 ± 19 yrs) exhibited skin alterations suggestive 
of PXE and were negative for ABCC6 rare sequence variants. Skin biopsies were available 
for 6/18 patients, and ultrastructural examination revealed the absence of the typically 
mineralized elastic fibers, suggesting that clinically observed skin lesions were likely due 
to the age of subjects or other diseases with a dermatological overlapping phenotype (e.g., 
Cutis laxa, Ehlers Danlos, Buschke Ollendorff).  
The remaining 359 patients were clinically diagnosed as having PXE based on two 
major criteria (i.e., cutaneous and ocular manifestations). Biomolecular analyses of the 
ABCC6 gene failed to detect rare sequence variants in 13 patients, whereas one and two rare 
sequence variants were found in 36 and 310 patients (98 patients homozygous and 212 com-
pound heterozygous, as confirmed by segregation analysis), respectively (Figure 1). 
The absence or presence of one ABCC6 rare sequence variant in patients with skin 
and ocular manifestations indicates that other genes or undetected ABCC6 deep intronic 
variants cannot be excluded. As it is a retrospective investigation, a limit of the present 
study is that biomolecular analyses were limited to the ABCC6 gene.  
In 310 patients, 117 different rare sequence variants were detected, and they were dis-
tributed on the whole ABCC6 gene (Tables 1 and S1). In total, 96/117 (82%) had been already 
published, while the remaining 21 (18%) were reported in this study (Tables 1 and S1). 
Table 1. Rare sequence variants found in Italian PXE patients. N = new rare sequence variant. 
Intron/ 
Exon Nucleotide Variation Amino Acid Variation Ref. 
Intron/ 
Exon Nucleotide Variation Amino Acid Variation Ref. 
IVS1 c.36+1dupG Loss of splice donor site N 21 c.2678C>A p.Ser893Ter [19] 





2 c.113G>C p.Trp38Ser [29] IVS21 c.2787+1G>T Loss of splice donor site [30] 




2 c.196dupT p.Ser66PhefsTer35 [31] 22 c.2848G>A p.Ala950Thr [20] 
5 c.557delT p.Leu186ArgfsTer46 [28] 22 c.2900G>A p.Trp967Ter N 
6 c.613G>T p.Glu205Ter N 23 c.3037G>A p.Gly1013Arg N 
IVS7 c.794+1G>A Loss of splice donor site N 23 c.3088C>T p.Arg1030Ter [17] 
8 c.913C>T p.Gln305Ter [28] 23 c.3109G>A p.Glu1037Lys [27] 
8 c.940G>A p.Gly314Arg [28] 23 c.3142_3144delTTC p.Phe1048del [27] 
8 c.951C>A p.Ser317Arg [32] 24 c.3340C>T p.Arg1114Cys [14] 
8 c.956T>A p.Ile319Asn [33] 24 c.3341G>A p.Arg1114His [13] 
8 c.960delC p.Ser321ValfsTer35 [34] 24 c.3380T>C p.Met1127Thr [14] 
8 c.989delA p.Lys330SerfsTer26 [28] 24 c.3389C>T p.Thr1130Met [35] 
9 c.1091C>G p.Thr364Arg [31] 24 c.3398G>A p.Gly1133Asp [20] 
i . t fl t f ti t i ti t i t t t .
The remaining 359 patients were clinically diagnosed as having PXE based on two
major criteria (i.e., cutaneous and ocular manifestations). Biomolecular analyses of the
ABCC6 gene failed to detect rare sequence variants in 13 patients, whereas one and two
rare sequence variants were found in 36 and 310 patients (98 patients homozygous and
212 compound heterozygous, as confirmed by segregation analysis), respectively (Figure 1).
The absence or presence of one ABCC6 rare sequence variant in patients with skin
and ocular manifestations indicates that other genes or undetected ABCC6 deep intronic
variants cannot be excluded. As it is a retrospective investigation, a limit of the present
study is that biomolecular analyses were limited to the ABCC6 gene.
In 310 patients, 117 different rare sequence variants were detected, and they were
distributed on the whole ABCC6 gne (Table 1 and Table S1). In total, 96/117 (82%) had
been already published, while the remaining 21 (18%) were reported in this study (Table 1
and Table S1).
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IVS1 c.36+1dupG Loss of splicedonor sit N 21 c.2678C>A p.Ser893Ter [19]
IVS1 c.36+1G>C Loss of splicedonor site [27] 21
c.2728_2746dupTGGATGA
CCCTGACAGGGC p.Trp918Ter [28]
2 c.113G>C p.Trp38Ser [29] IVS21 c.2787+1G>T Loss of splice donor site [30]
2 c.117_118insC p.Met42HisfsTer59 [27] 22 c.2836_2860delinsTCTGCCTCT p.Leu946SerfsTer18 N
2 c.196dupT p.Ser66PhefsTer35 [31] 22 c.2848G>A p.Ala950Thr [20]
5 c.557delT p.Leu186ArgfsTer46 [28] 22 c.2900G>A p.Trp967Ter N
6 c.613G>T p.Glu205Ter N 23 c.3037G>A p.Gly1013Arg N
IVS7 c.794+1G>A Loss of splicedonor site N 23 c.3088C>T p.Arg1030Ter [17]
8 c.913C>T p.Gln305Ter [28] 23 c.3109G>A p.Glu1037Lys [27]
8 c.940G>A p.Gly314Arg [28] 23 c.3142_3144delTTC p.Phe1048del [27]
8 c.951C>A p.Ser317Arg [32] 24 c.3340C>T p.Arg1114Cys [14]
8 .956T>A p.Ile319Asn [ 3] 24 c.3341G>A p.Arg1114His [13]
8 c.960delC p.Ser321ValfsTer35 [3 ] 24 c.3380T>C p.Met1127Thr [14]
8 c.989delA p.Lys330SerfsTer26 [28] 24 c.3389C>T .Thr1130Met [35]
9 c.1091C>G p.Thr364Arg [31] 24 c.3398G>A p.Gly1133Asp [20]
9 c.1132C>T p.Gln378Ter [31] 24 c.3412C>T p.Arg1138Trp [36]
9 c.1145G>A p.Arg382Gln [37] 24 c.3413G>A p.Arg1138Gln [36]
9 c.1160G>T p.Gly387Val N 24 c.3421C>T p.Arg1141Ter [12]
9 c.1171A>G p.Arg391Gly [38] 24 c.3490C>T p.Arg1164Ter [39]









Exon Nucleotide Variation Amino Acid Variation Ref.
9 c.1174A>G p.Lys392Glu N 24 c.3491G>A p.Arg1164Gln [40]
9 c.1175A>G p.Lys392Arg N 24 c.3307-940_3506+660del p.? [18]
10 c.1220G>A p.Gly407Asp N 25 c.3542G>A p.Gly1181Asp [41]
10 c.1220G>T p.Gly407Val [28] 25 c.3544dupC p.Leu1182ProfsTer96 N
10 c.1255C>T p.Arg419Trp N 25 c.3563C>G p.Thr1188Arg N
10 c.1256G>A p.Arg419Gln [42] 26 c.3661C>T p.Arg1221Cys [43]
10 c.1284C>G p.Asn428Lys [19] 26 c.3662G>A p.Arg1221His [20]
10 c.1308G>A p.Trp436Ter [28] 26 c.3677T>C p.Leu1226Pro [33]
10 c.1318T>G p.Cys440Gly [14] 26 c.3700G>A p.Glu1234Lys [44]
12 c.1484T>A p.Leu495His [32] 26 c.3712G>T p.Asp1238Tyr [38]
12 c.1526C>G p.Ala509Gly [19] 26 c.3735G>A p.Glu1245= N
12 c.1552C>T p.Arg518Ter [34] IVS26 c.3736-1G>A Loss of spliceacceptor site [36]
12 c.1553G>A p.Arg518Gln [45] 27 c.3774_3775insC p.Trp1259LeufsTer19 [20]
IVS13 c.1779+1G>C Loss of splicedonor site [28] 27 c.3823C>T p.Arg1275Ter [14]
14 c.1798C>T p.Arg600Cys [14] 27 c.3871delG p.Ala1291GlnfsTer68 [28]
14 c.1799G>A p.Arg600His [41] 27 c.3880_3882delAAG p.Lys1294del [20]
14 c.1857dupC p.Ser620LeufsTer121 [20] 28 c.3892G>A p.Val1298Ile N
16 c.1961C>T p.Pro654Leu [37] 28 c.3902C>T p.Thr1301Ile [17]
16 c.1987G>A p.Gly663Ser [46] 28 c.3904G>A p.Gly1302Arg [17]
16 c.1987G>T p.Gly663Cys [20] 28 c.3940C>T p.Arg1314Trp [12]
16 c.1999delG p.Ala667GlnfsTer21 [20] 28 c.3989T>C p.Ile1330Thr [37]
17 c.2018T>C p.Leu673Pro [17] 29 c.4015C>T p.Arg1339Cys [39]
17 c.2093A>C p.Gln698Pro [20] 29 c.4036C>T p.Pro1346Ser [14]
17 c.2095G>A p.Glu699Lys [37] 29 c.4041G>A p.Gln1347= [28]
17 c.2153C>A p.Asp718Gly [47] 29 c.4055T>C p.Phe1352Ser [48]
IVS17 c.2248-2_2248-1delAG
Loss of splice
acceptor site [49] 29 c.4070G>C p.Arg1357Pro [28]
IVS17 c.2247+1G>A Loss of splicedonor site [27] 29 c.4159_4171dupCTGCCCGGCCAGC p.Leu1391ProfsTer10 N
18 c.2263G>A p.Gly755Arg [20] 29 c.4182delG p.Lys1394AsnfsTer9 [13]
18 c.2264G>A p.Gly755Glu [27] 29 c.4198G>A p.Glu1400Lys [38]
18 c.2266G>A p.Gly756Ser [28] IVS29 c.4208+1G>A Loss of splice donor site [28]
18 c.2278C>T p.Arg760Trp [50] 30 c.4318delA p.Met1440CysfsTer24 [14]
18 c.2294G>A p.Arg765Gln [17] 30 c.4361T>C p.Leu1454Pro N
18 c.2307_2308insA p.Ala771GlyfsTer8 N 30 c.4403G>A p.Arg1468Gln N
18 c.2329G>A p.Asp777Asn [20] 30 c.del30 p.? [51]
18 c.2383G>T p.Val795Phe [27] 1_31 c.1_4511del p.? [52]
19 c.2419C>T p.Arg807Trp [32] 11_18 c.dup11-18 p.? N
19 c.2428G>A p.Val810Met [14] 23_29 c.2996_4208del p.? [17]
19 c.2458G>C p.Ala820Pro [33] 24_27 c.3307-1006_3735+1582del p.? [18]
19 c.2477T>C p.Leu826Pro [53] 25_27 c.3507_3882del p.? [49]
19 c.2504G>A p.Gly835Asp N
Figure 2A,B shows the frequency of the different categories of rare sequence variants
and their distribution along the ABCC6 gene, respectively. The total frequency of rare
sequence variants in intronic regions was less than 7% (Table S1).




Figure 2. Type and frequency of ABCC6 rare sequence variants. (A) Distribution of the different types of rare sequence 
variants found in the ABCC6 gene. (B) Frequency distribution of ABCC6 rare sequence variants at exon-level in Italian 
PXE patients. 
All 117 rare sequence variants were classified as pathogenic or likely pathogenic ac-
cording to ACMG guidelines, as described in Materials and Methods [21,22] (Tables S1 
and S2), with the exception of variants c.2153A>G, c.3563C>G and c.3700G>A, which were 
classified as “uncertain”, since their clinical significance is unknown or conflicting data 
are reported. However, during genetic analysis, these variants should not be excluded, at 
least until additional data clarify their role.  
3.2. Phenotype Features of PXE Patients 
Of the 310 patients with confirmed clinical and molecular diagnoses, most were fe-
male (228), with a female to male ratio of 2.7. The median age of these patients was 40 yrs. 
(range from 6 to 77 yrs.). Recognition of first clinical manifestation by a physician was at 
the mean age ± SD of 21 ± 14 yrs. It should be noted that the time required to receive a 
diagnosis of PXE from its first clinical manifestation was 12 ± 13 yrs. (range from 0.4 
months to 50 years). This length of time has been progressively reduced with increased 
and widespread knowledge of the disease. 
Looking at differences between males and females, it should be noted that first man-
ifestations were recognized earlier in females than in males (18 ± 12 yrs. vs. 27 ± 18 yrs.; p 
< 0.001); this is very likely due to the greater attention that women pay to skin alterations, 
or to an increased susceptibility of female skin to a loss of elasticity.  
In the attempt to perform a genotype–phenotype correlation, the 310 patients were 
divided into three groups according to the characteristics of rare sequence variants: (i) 
group M (50 patients), which is characterized by two missense variants; (ii) group NF (149 
patients), comprising patients exhibiting two sequence variants that cause reduced pro-
tein production or a protein to be likely non-functional (i.e., splicing, stop codon, 
frameshift, deletion, duplication); and (iii) group M+NF (111 patients), comprising pa-
tients bearing one missense and one “NF” variant. The severity of the clinical phenotype 
(total score) was calculated in agreement with the Phenodex index reported by Legrand 
[19]. After plotting the age and total score for each group, we performed a linear regres-
sion analysis. The severity of manifestations increased significantly with age in all three 
groups (pM < 0.0001; pNF < 0.0001 and pM+NF = 0.0120), but there were no differences among 
the three fitted lines (p = 0.4170) (Figure 3A). 
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All 117 rare sequence variants were classified as pathogenic or likely pathogenic
according to ACMG guid lines, as described in Materials and Methods [21,22] (Tables S1
and S2), with the exception of v riant c.2153A>G, c.3563C>G and c.3700G>A, which were
classified as “unc rtain”, since the r clinical significance is unknown or conflicting data a
reported. However, during gene ic ana ys s, these variants should not be excluded, at le st
until additional data clarify their role.
3.2. Phenotype Features of PXE Patients
Of the 310 pati nts with confirmed clinical and molecular diagnoses, most were
female (228), with a female to male ratio of 2.7. The median age of these patients was
40 yrs. (range from 6 to 77 yrs.). Recognition of first clinical manifestation by a physician
was at the mean age ± SD of 21 ± 14 yrs. It should be noted that the time required to
receive a diagnosis of PXE from its first clinical manifestation was 12 ± 13 yrs. (range from
0.4 months to 50 years). This length of time has been progressively reduced with increased
and widespread knowledge of the disease.
Looking at differences between males and females, it should be noted that first mani-
festations were recognized earlier in females than in males (18 ± 12 yrs. vs. 27 ± 18 yrs.;
p < 0.001); this is very likely due to the greater attention that women pay to skin alterations,
or to an increased susceptibility of female skin to a loss of elasticity.
In the attempt to perform a genotype–phenotype correlation, the 310 patients were
divided into three groups according to the characteristics of rare sequence variants: (i)
group M (50 patients), which is characterized by two missense variants; (ii) group NF
(149 patients), comprising patients exhibiting two sequence variants that cause reduced
protein production or a protein to be likely non-functional (i.e., splicing, stop codon,
frameshift, deletion, duplication); and (iii) group M+NF (111 patients), comprising patients
bearing one missense and one “NF” variant. The severity of the clinical phenotype (total
score) was calculated in agreement with the Phenodex index reported by Legrand [19].
After plotting the age and total score for each group, we performed a linear regression
analysis. The severity of manifestations increased significantly with age in all three groups
(pM < 0.0001; pNF < 0.0001 and pM+NF = 0.0120), but there were no differences among the
three fitted lines (p = 0.4170) (Figure 3A).
Since clinical manifestations were not related to the type of sequence variant, the
severity of the clinical phenotype was analyzed separately in females and in males. We
found that the total score was dependent on age but not on gender (p = 0.1472) (Figure 3B).
The same trend was observed for each score category (data not shown).




Figure 3. The severity of clinical manifestations, evaluated as total score measured at the time of molecular diagnosis, is 
significantly dependent on age, with it being higher in aging patients; however, it was not related to either type of variant 
(A) nor to gender (B). Group M = two missense variants; group NF = two sequence variants causing reduced protein 
production or a protein to be likely non-functional; group M + NF = one missense and one “NF” variant. 
Since clinical manifestations were not related to the type of sequence variant, the se-
verity of the clinical phenotype was analyzed separately in females and in males. We found 
that the total score was dependent on age but not on gender (p = 0.1472) (Figure 3B). The 
same trend was observed for each score category (data not shown). 
The frequency of mitral valve prolapse in mostly asymptomatic PXE patients was 
8%, and differed significantly from that of the European population (3.1%; p = 0.0064) [54]. 
No significant differences were observed between female (7%) and male (2%) PXE pa-
tients (p = 0.2612).  
Since the incidence rate of MI and stroke increases linearly with age, with differences 
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Figure 3. The severity of clinical manifestations, evaluated as total score measured at the time
of molecular diagnosis, is significantly dependent on age, with it being higher in aging patients;
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The frequency of mitral valv prolapse in mostly asymptomatic PXE patie ts was 8%,
and differed significantly from that of the European population (3.1%; p = 0.0064) [54]. No
significant differences were observed between female (7%) and male (2%) PXE patients
(p = 0.2612).
Since the incidence rate of MI and stroke increases linearly with age, with differences
depending on the country [55,56], we compared our data with those of the Italian pop-
ulation at a comparable age (i.e., MI varies from <0.4% before the age of 55 to 4% over
the age of 65; stroke varies from <0.2% before the age of 65, and up to 6.5% between
65–84 years of age) [(http://www.salute.gov.it/ (accessed on 25 March 2021))] [57]. In
particular, 7/310 PXE patients reported MI. Of these, five patients (1.6%) reported a history
of MI before the age of 45 years in the absence of reported cardiovascular risk factors. The
incidence was therefore significantly higher if compared to that of the Italian population
at the same age (p < 0.0001). Moreover, 7/310 PXE patients (2.3%) suffered from ischemic
stroke before the age of 65, and this incidence was significantly higher than that of the
Italian population (p < 0.0001).
Furthermore, whereas the occurrence of microcalcifications in several organs, includ-
ing the kidney, was a frequent asymptomatic finding, the incidence of nephrolithiasis in
Italian PXE patients was similar to that of the general population (1.7%) [58].
3.3. Fundoscopic Findings in PXE Patients
All 310 PXE patients underwent routine ophthalmological examination, OCT and
fluorangiography to reveal typical PXE ocular findings (Figure 4).
According to the Phenodex index, 3% of patients were assigned the E1 score (i.e.,
peau d’orange), 53% were assigned the E2 score (i.e., angioid streaks) and the E3 score was
attributable to 44% of patients (i.e., bleeding/scarring).
Of these 310 PXE patients, 53 underwent a further in-depth ophthalmological exam-
ination using multimodal fundus imaging approaches; more specifically, we performed
wide-field fundus imaging to characterize retinal abnormalities, which are spread all over
the fundus (Figures 5 and 6). Ophthalmological features and genetic findings for each of
the 53 patients are reported in Tables S3 and S4, respectively.
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In particular, this group of patients was comprised of 9 males (17%) and 44 females
(83%), and the mean age ±SD was 47 ± 21 (range 9–69 years) and 43 ± 14 (range 7–68 years),
respectively. In particular, 58 eyes of 32 patients (58/106; 55%) presented a visual acuity of
10/10. Eleven eyes of en patients (11/106; 10.4%) had a visual acuity of <1/10.
Table 2 shows the ocular manifestations found in 53 PXE patients grouped according
to life decade.
Peau d’orange and coquille d’oeuf (Figure 5A) are among the first alterations that can be
observed in PXE patients (Table 2 and Table S3). Interestingly, peau d’orange was not present
in 16 eyes of 8 patients (16/106; 15%), while angioid streaks were detectable. On the con-
trary, in four patients (age 7, 9, 24 and 31yrs.), angioid streaks were not detectable, although
peau d’orange was present in all of them If we consider the mean age of patients with
peau d’orange, in the absence of angioid streaks (mean age 17.8 yrs.; 7–31 yrs.; 10/10 visual
acuity of all patients in both eyes), we could note that these patients were younger than the
patients with angioid streaks, but without “peau d’orange” (59.8 yrs.; 48–69 yrs.).
Angio d streaks (AS) (F gures 4A and 5A) wer present in 92.5% of patients but were
not detected in younger PXE patients, as reported in other studies [11]; however, they were
also present in two patients (24 and 31 years old) who presented only peau d’orange or peau
d’orange and comet lesio s, respectively (Table S3). Moreover, in 15 out of 53 patients, AS
involved the fovea. We potentially underestimated the real prevalence of foveal AS in PXE
patients becaus , in some cases of CNV, the macular area is severely compromised, so we
cannot know the origi of CNV.
Comet lesions (CL) (Figure 5B,C and Figure 6B), which are small, roundish chorioreti-
nal atrophies with focal hyper-pigmentation observed as whit bodies in the midperiphery
of the fundus, wer present in 75.5% of patients (Table 2). In particular, we reported
peripapillary CL in 22 eyes of 13 patien s (22/106; 21%), and a “comet ain” associated
with peripapillary CL in 11 eyes of 8 patients (11/106; 10.4%).
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Pattern dystrophy-like changes (PD) were observed in 41.5% of patients (Table 2 and
Table S3), such as fundus pulverulentus (Figures 5D and 6C,D), yellowish deposits at the
posterior pole, butterfly shaped dystrophy and vitelliform dystrophy. We did not recognize
a specific pattern phenotype in all PD. In fact, in the advanced stages of the disease, we
were unable to discern a specific pattern due to the presence of retinal atrophy; therefore,
we were not able to classify 22 eyes of 12 patients. That said, the recognition of PD signs
using the wide-field FAF technique is still important, regardless of specific classification.
Interestingly, PD were absent in patients under the age of 30 years; they increased in value
by around 25% over the next two decades and were particularly frequent (>70%) in elderly
PXE patients (age > 50 years).
Choroidal neovascularization (CNV) was present in 50.9% of patients (Table 2 and
Table S3). In particular, 43 eyes of 24 patients and six eyes of four patients presented foveal
and extrafoveal CNV, respectively. The mean value of visual acuity was 5.5/10; SD ± 0.67;
nlp-10/10). If we consider patients without CNV, they were younger (mean age ± SD was
of 34 ± 12 years) than patients affected with CNV (mean age ± SD was of 55 ± 9 years)
(Figures 4E,F and 5E).
Atrophy (Figure 4C,D, Figures 5F and 6E,F) was present in 44 eyes of 23 patients
(44/106; 41.5%; range 48–69 years) (Table S3). A total of 40 of the 44 eyes (40/44; 91%)
presented a history of CNV, while four eyes of three patients developed atrophy in the
absence of CNV (without signs or prior therapy for a CNV). Two eyes of two patients pre-
sented pattern dystrophy-related changes: fundus pulverulentus and vitelliform dystrophy,
respectively; the other two eyes belong to a PXE patient affected by diabetic retinopathy
which is complicated by diabetic macular edema that is treated using laser therapy (in
this patient, we were not able to discern the real contribution of PXE-related dystrophy,
diabetic retinopathy or laser treatment to the atrophy). In 10 eyes of 5 patients (10/44;
22.7%), atrophy was present in absence of pattern dystrophy-like changes, and all of them
presented CNV. In seven eyes of eight patients (mean age 46.4 yrs. SD ± 17.0), we identi-
fied pattern dystrophy-like changes, but no signs of CNV and no signs of atrophy were
apparent. Moreover, 24 eyes of 14 patients (24/106; 22.6%) showed an entire posterior
pole atrophy.
Optic disk drusen (ODD) was detected in 4.7% of patients (Figures 5A and 6A and
Table 2).
3.4. Update of Phenodex Index: Focus on Ocular Manifestations
In light of the results from the present study, we implemented the ophthalmologic
manifestations reported in the Phenodex index (Figure 7A, left panel) in a newly proposed
Phenodex-FlorMore clinical score system, as shown in Figure 7A (right panel). Figure 7B,C
show the right and left eye score of each patient calculated according to the Phenodex
and Phenodex-FlorMore index, respectively. Although the disease affects both eyes, some
patients (i.e., 9% or 11% of patients, depending on the index applied) showed a different
score between the right and left eye. The highest score in both eyes was observed at 34 or
48 years, according to Phenodex or Phenodex-FlorMore index, respectively.
To have a global picture of the severity of the disease in each patient, we summed the
score assigned to each eye according to the two indexes (Figure 7D). The eye score sum
correlates positively with age, independent of the index score system (p < 0.0001); however,
the two lines show trait divergence towards adulthood. These findings highlight that the
Phenodex-FlorMore index improves the stratification of patients in adulthood/old age,
where ocular manifestation may be different between the two eyes.
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4. Discussion
The present study shows data for one of the largest cohorts of PXE patients from the
same ethnic background.
Biomolecular analyses of Italian PXE patients revealed 117 different rare sequence
variants distributed on the whole ABCC6 gene, although some hotspots were present, with
differences from other studies depending on geographical areas/ethnicity [59]. It should be
noted that the widespread use of databases and bioinformatic platforms (e.g., 1000G, Gno-
mAD) allowed us to reconsider variants previously categorized as potentially pathogenic
(e.g., c.346-6G>A; c.1249G>A, p.Val417Met; c.3507-3C>T; c.3803G>A, p.Arg1268Gln) as
polymorphisms [60]. Despite the homogeneous ethnicity and the number of patients,
which is extremely large for a rare disease, we failed to establish a genotype–phenotype cor-
relation. These data further underline the complexity of the PXE genotype, as rare sequence
variants in other genes can also contribute to the pathogenesis of the disease [30,48,61],
and/or additional polymorphisms can modulate the onset, the progression and the severity
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of the disease [27,48,61,62]. Bartstra and coworkers recently described a correlation be-
tween the type of variants and specific parameters as calcification mass score and choroidal
neovascularization in PXE [63]. This discrepancy is due to the different parameters used to
correlate the type of sequence variants, as we have adopted the Phenodex index which,
being mainly based on clinical evaluations, has been widely used in the routine clinical
practice to easily reflect the global severity of the disease [21,22].
Given the number of patients investigated, we were also able to better evaluate the
occurrence of less frequent alterations (e.g., stroke, myocardial infarction, nephrolithiasis).
The present study indicates an incidence of cardio– and cerebral–vascular complica-
tions that are higher in PXE compared to age-matched controls; although, these are lower
than those reported in other studies [5,6]. The higher incidence that can be observed could
be, at least in part, related to the higher frequency of MTHFR polymorphisms in Italian
PXE patients [40], and it seems to anticipate approximately 1 decade of findings observed
in the general population.
As far as the occurrence of nephrolithiasis, values are in contrast to data reported by
Legrand and collaborators [19]. Differences may be due to the number of patients under
investigation, to genetic background, diet or even to the greater paid attention to a healthy
lifestyle generally observed in our patients.
Recent advances in retinal imaging techniques have allowed us to characterize a
number of clinical aspects of PXE-related retinopathy, and to consequently stratify these
patients in relation to the age-dependent progression of these manifestations. For instance,
ultrawide field imaging showed the presence of coquille d’oeuf, that is a confluent area of
opacity due to widespread infiltration of calcium [64]. This, in turn, revealed the area
of the Bruch’s membrane that is already calcified in young PXE patients [65]. Therefore,
both peau d’orange and coquille d’oeuf represent the first consequences of Bruch’s membrane
calcification.
Pattern dystrophy-like changes are also frequently observed in patients with PXE, and
these vary, depending on the study, between 10%, 46% and 70% of cases [66–68]. Differences
in the incidence of PD according to the age of patients indicate that these changes represent a
stage in the natural history of the disease [67–70]. Moreover, pattern dystrophy-like changes
and atrophy involved an area which overlapped with the area of coquille d’oeuf. Therefore,
the retina, in particular where Bruch’s membrane is affected, develops progressive RPE
and outer retinal abnormalities (pattern dystrophy-like changes and atrophy) [33,67,68,70].
Early atrophic abnormalities (in patients with pattern dystrophy) appeared as focal areas
of a reduced FAF signal, with more or less sharp margins mainly located at the posterior
pole, which typically became confluent over time. This multi-lobular pattern, previously
reported by other authors [70,71], resembled the “diffuse trickling” pattern described in
geographic atrophy in age-related macular degeneration [33]. This pattern was particularly
evident in patients with pattern dystrophy without previous CNV; this could be due to the
absence of secondary fibrotic/scarring processes, which modified the appearance of retinal
abnormalities. In fact, during the disease, the progressive coalesced patches of atrophy
formed a circumscribed area of chorioretinal atrophy. In our series, below 35 years of age,
nobody presented pattern dystrophy-like changes and/or atrophy. It should be noted
that pattern dystrophy can play a role in the development of atrophy in the absence of
previous CNV [68,70]. Since atrophy is almost universally observed in older PXE patients,
independently from presence or absence of a CNV, it may be seen as the natural endpoint
of PXE-associated retinal disease [72,73], and can represent a functionally limiting disease
manifestation in PXE [33,74]. Furthermore, late-stage atrophy appeared to involve the
entire coquille d’oeuf area [33]. For these reasons, the identification of the entire area of
coquille d’oeuf in PXE patients allows us to identify the fundus area which will become
atrophic over time, independent of other PXE complications such as CNV.
Previous studies have demonstrated a higher incidence of optic disk drusen in PXE
patients compared to the normal population [67,75,76]. Although the presence of ODD
has been associated with an increased risk of visual field loss due to compression of the
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unmyelinated retinal ganglion cell axons and surrounding blood vessels [77], a recent study
demonstrated no central visual field defects in PXE patients [78]. Therefore, at present, due
to the low number of patients presenting ODD in this cohort, we are unable to confirm this
latest finding, and additional longitudinal studies are required before assigning a specific
pathogenic role to the severity progression of PXE.
In the light of these results, we propose a Phenodex-FlorMore index as a further
update of the already modified Phenodex index [19] (Table 3). According to the Phenodex
index [19,20], the ocular phenotype is based on the presence of peau d’orange, angioid
streaks and bleeding and/or scarring, assigning the highest score depending on the most
severe manifestation observed in a patient. However, several manifestations are found
in PXE patients; although, at present, they are not taken into consideration when an
ocular score value is assigned to patients. In particular, coquille d’oeuf represents a risk
of atrophy over time; comet lesions, with or without a comet tail, are considered the
only pathognomonic manifestation of PXE [79], and they have a significant diagnostic
value, especially in younger PXE subjects where angioid streaks are not always already
developed and detectable [65]. Moreover, as recently suggested [11], patients over 50 may
require a different approach to better visualize the severity of the disease and atrophy,
and pattern dystrophy-like changes should be taken into consideration to better evaluate
disease progression and to improve PXE patients’ counselling in order to enable better
decision making in clinical practice.





S2 Plaques of coalesced papules
S3 Lax and redundant skin
Eyes (score of RE + score of LE)
E0 No sign
E1 Peau d’orange and/or Coquille d’oeuf
E2 Angioid streaks and/or comet lesion with or without comet tail
E3 Bleeding and/or scarring and/or pattern dystrophy-like changes
E4 Extensive atrophic area involving the entire posterior pole
Gastrointestinal
G0 No sign
G1 Gastrointestinal bleeding as related to PXE
Vascular
V0 No sign
V1 Weak or absent pulse or peripheral artery disease revealed by vascular imaging
V2 Intermittent claudication
V3 Vascular surgery or stroke/transient ischaemic attack (TIA)
Cardiac
C0 No sign





In bold, the features are added. RE= right eye; LE= left eye; EKG= electrocardiogram.
J. Clin. Med. 2021, 10, 2710 15 of 18
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10122710/s1, Table S1: Rare sequence variants found in Italian PXE patients and classified
in according to American College of Medical Genetics and Genomics and Association for Molecular
Pathology (ACMG) using VarSome platform, Table S2: Missense point variants evaluated for their
pathogenicity using different in silico tools, Table S3: Ocular manifestations in PXE patients, Table S4:
Frequency of singular ocular manifestations according to the characteristics of rare sequence variants
detected in 53 PXE patients who underwent in-depth ophthalmological investigation.
Author Contributions: Conceptualization, F.B., V.M. and D.Q.; investigation, V.M., D.P.M., L.P.,
F.D.L. and S.C.; data curation, F.B. and D.P.M.; writing—original draft preparation F.B. and V.M.,
writing—review and editing, F.B. and D.Q.; funding acquisition, D.Q. All authors have read and
agreed to the published version of the manuscript.
Funding: This research was funded by PXE Italia Odv, grant number E96C18000600007. L.P. is a
recipient of a fellowship by PXE Italia Odv.
Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the local Ethics Committee (Project ID: 2018/13014).
Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. For the pediatric population, informed consent from both parents was obtained.
Data Availability Statement: Not applicable.
Acknowledgments: This retrospective study was also possible thanks to the research initiated by
Ivonne Ronchetti, who began studying PXE in the early 1980s by ultrastructural and biochemical
approaches, and thereafter by biomolecular analyses.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Quaglino, D.; Boraldi, F.; Annovi, G.; Ronchetti, I. The Multifaceted Complexity of Genetic Diseases: A Lesson from Pseudoxan-
thoma elasticum. In Advances in the Study of Genetic Disorders; Ikehara, K., Ed.; InTech: Rijeka, Croatia, 2011; ISBN 978-953-307-305-7.
2. Gheduzzi, D.; Sammarco, R.; Quaglino, D.; Bercovitch, L.; Terry, S.; Taylor, W.; Ronchetti, I.P. Extracutaneous Ultrastructural
Alterations in Pseudoxanthoma elasticum. Ultrastruct. Pathol. 2003, 27, 375–384. [CrossRef]
3. Neldner, K.H.; Struk, B. Pseudoxanthoma elasticum. In Connective Tissue and Its Heritable Disorders; Royce, P.M., Steinmann, B., Eds.;
John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2002; pp. 561–583. ISBN 978-0-471-22192-0.
4. Mendelsohn, G.; Bulkley, B.H.; Hutchins, G.M. Cardiovascular Manifestations of Pseudoxanthoma elasticum. Arch. Pathol. Lab. Med.
1978, 102, 298–302. [PubMed]
5. Vanakker, O.M.; Leroy, B.P.; Coucke, P.; Bercovitch, L.G.; Uitto, J.; Viljoen, D.; Terry, S.F.; Van Acker, P.; Matthys, D.; Loeys, B.;
et al. Novel Clinico-Molecular Insights in Pseudoxanthoma elasticum Provide an Efficient Molecular Screening Method and a
Comprehensive Diagnostic Flowchart. Hum. Mutat. 2008, 29, 205. [CrossRef]
6. Kauw, F.; Kranenburg, G.; Kappelle, L.J.; Hendrikse, J.; Koek, H.L.; Visseren, F.L.J.; Mali, W.P.T.; de Jong, P.A.; Spiering, W.
Cerebral Disease in a Nationwide Dutch Pseudoxanthoma elasticum Cohort with a Systematic Review of the Literature. J. Neurol.
Sci. 2017, 373, 167–172. [CrossRef] [PubMed]
7. Golliet-Mercier, N.; Allaouchiche, B.; Monneuse, O. Pseudoxanthoma elasticum with severe gastrointestinal bleeding. Ann. Fr.
Anesth. Reanim. 2005, 24, 833–834. [CrossRef] [PubMed]
8. Booij, J.C.; Baas, D.C.; Beisekeeva, J.; Gorgels, T.G.M.F.; Bergen, A.A.B. The Dynamic Nature of Bruch’s Membrane. Prog. Retin.
Eye Res. 2010, 29, 1–18. [CrossRef]
9. Risseeuw, S.; van Leeuwen, R.; Imhof, S.M.; Spiering, W.; Norel, J.O. The Natural History of Bruch’s Membrane Calcification in
Pseudoxanthoma elasticum. Ophthalmol. Sci. 2021, 1, 100001. [CrossRef]
10. Georgalas, I.; Tservakis, I.; Papaconstaninou, D.; Kardara, M.; Koutsandrea, C.; Ladas, I. Pseudoxanthoma elasticum, Ocular
Manifestations, Complications and Treatment. Clin. Exp. Optom. 2011, 94, 169–180. [CrossRef]
11. Risseeuw, S.; Ossewaarde-van Norel, J.; van Buchem, C.; Spiering, W.; Imhof, S.M.; van Leeuwen, R. The Extent of Angioid
Streaks Correlates with Macular Degeneration in Pseudoxanthoma elasticum. Am. J. Ophthalmol. 2020, 220, 82–90. [CrossRef]
12. Le Saux, O.; Urban, Z.; Tschuch, C.; Csiszar, K.; Bacchelli, B.; Quaglino, D.; Pasquali-Ronchetti, I.; Pope, F.M.; Richards, A.; Terry,
S.; et al. Mutations in a Gene Encoding an ABC Transporter Cause Pseudoxanthoma elasticum. Nat. Genet. 2000, 25, 223–227.
[CrossRef]
13. Hu, X.; Plomp, A.S.; van Soest, S.; Wijnholds, J.; de Jong, P.T.V.M.; Bergen, A.A.B. Pseudoxanthoma elasticum: A Clinical,
Histopathological, and Molecular Update. Surv. Ophthalmol. 2003, 48, 424–438. [CrossRef]
14. Gheduzzi, D.; Guidetti, R.; Anzivino, C.; Tarugi, P.; Di Leo, E.; Quaglino, D.; Ronchetti, I.P. ABCC6 Mutations in Italian Families
Affected by Pseudoxanthoma elasticum (PXE). Hum. Mutat. 2004, 24, 438–439. [CrossRef]
J. Clin. Med. 2021, 10, 2710 16 of 18
15. Charbel Issa, P.; Tysoe, C.; Caswell, R. Late-Onset Pseudoxanthoma elasticum Associated with a Hypomorphic ABCC6 Variant. Am.
J. Ophthalmol. 2020, 218, 255–260. [CrossRef]
16. Li, Q.; Arányi, T.; Váradi, A.; Terry, S.F.; Uitto, J. Research Progress in Pseudoxanthoma elasticum and Related Ectopic Mineralization
Disorders. J. Investig. Dermatol. 2016, 136, 550–556. [CrossRef] [PubMed]
17. Le Saux, O.; Beck, K.; Sachsinger, C.; Silvestri, C.; Treiber, C.; Göring, H.H.; Johnson, E.W.; De Paepe, A.; Pope, F.M.; Pasquali-
Ronchetti, I.; et al. A Spectrum of ABCC6 Mutations Is Responsible for Pseudoxanthoma elasticum. Am. J. Hum. Genet. 2001, 69,
749–764. [CrossRef] [PubMed]
18. Costrop, L.M.F.; Vanakker, O.O.M.; Van Laer, L.; Le Saux, O.; Martin, L.; Chassaing, N.; Guerra, D.; Pasquali-Ronchetti, I.; Coucke,
P.J.; De Paepe, A. Novel Deletions Causing Pseudoxanthoma elasticum Underscore the Genomic Instability of the ABCC6 Region. J.
Hum. Genet. 2010, 55, 112–117. [CrossRef]
19. Legrand, A.; Cornez, L.; Samkari, W.; Mazzella, J.-M.; Venisse, A.; Boccio, V.; Auribault, K.; Keren, B.; Benistan, K.; Germain, D.P.;
et al. Mutation Spectrum in the ABCC6 Gene and Genotype–Phenotype Correlations in a French Cohort with Pseudoxanthoma
elasticum. Genet. Med. 2017, 19, 909–917. [CrossRef] [PubMed]
20. Pfendner, E.G.; Vanakker, O.M.; Terry, S.F.; Vourthis, S.; McAndrew, P.E.; McClain, M.R.; Fratta, S.; Marais, A.-S.; Hariri, S.;
Coucke, P.J.; et al. Mutation Detection in the ABCC6 Gene and Genotype-Phenotype Analysis in a Large International Case Series
Affected by Pseudoxanthoma elasticum. J. Med. Genet. 2007, 44, 621–628. [CrossRef]
21. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and Guidelines for the Interpretation of Sequence Variants: A Joint Consensus Recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–424. [CrossRef] [PubMed]
22. Kopanos, C.; Tsiolkas, V.; Kouris, A.; Chapple, C.E.; Albarca Aguilera, M.; Meyer, R.; Massouras, A. VarSome: The Human
Genomic Variant Search Engine. Bioinformatics 2019, 35, 1978–1980. [CrossRef]
23. Adzhubei, I.A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P.; Kondrashov, A.S.; Sunyaev, S.R. A Method and
Server for Predicting Damaging Missense Mutations. Nat. Methods 2010, 7, 248–249. [CrossRef]
24. Mi, H.; Muruganujan, A.; Ebert, D.; Huang, X.; Thomas, P.D. PANTHER Version 14: More Genomes, a New PANTHER GO-Slim
and Improvements in Enrichment Analysis Tools. Nucleic Acids Res. 2019, 47, D419–D426. [CrossRef]
25. Tavtigian, S.V.; Deffenbaugh, A.M.; Yin, L.; Judkins, T.; Scholl, T.; Samollow, P.B.; de Silva, D.; Zharkikh, A.; Thomas, A.
Comprehensive Statistical Study of 452 BRCA1 Missense Substitutions with Classification of Eight Recurrent Substitutions as
Neutral. J. Med. Genet. 2006, 43, 295–305. [CrossRef]
26. Gass, J. Stereoscopic Atlas of Macular Diseases: Diagnosis and Treatment, 4th ed.; CV Mosby: St Louis, MO, USA, 1997; Volume 1.
27. Boraldi, F.; Costa, S.; Rabacchi, C.; Ciani, M.; Vanakker, O.; Quaglino, D. Can APOE and MTHFR Polymorphisms Have an
Influence on the Severity of Cardiovascular Manifestations in Italian Pseudoxanthoma elasticum Affected Patients? Mol. Genet.
Metab. Rep. 2014, 1, 477–482. [CrossRef]
28. Guerra, D.; Roggiani, J.; Panico, F.; De Santis, G.; Gheduzzi, D.; Quaglino, D.; Pasquali-Ronchetti, I. ABCC6 Mutations in Italian
PXE Patients: An Update Describing 22 Novel Mutations. Connect. Tissue Res. 2009, 50, 80–81. [CrossRef]
29. Schulz, V.; Hendig, D.; Henjakovic, M.; Szliska, C.; Kleesiek, K.; Götting, C. Mutational Analysis of the ABCC6 Gene and the
Proximal ABCC6 Gene Promoter in German Patients with Pseudoxanthoma elasticum (PXE). Hum. Mutat. 2006, 27, 831. [CrossRef]
[PubMed]
30. Nitschke, Y.; Baujat, G.; Botschen, U.; Wittkampf, T.; du Moulin, M.; Stella, J.; Le Merrer, M.; Guest, G.; Lambot, K.; Tazarourte-
Pinturier, M.-F.; et al. Generalized Arterial Calcification of Infancy and Pseudoxanthoma elasticum Can Be Caused by Mutations in
Either ENPP1 or ABCC6. Am. J. Hum. Genet. 2012, 90, 25–39. [CrossRef] [PubMed]
31. Pulkkinen, L.; Nakano, A.; Ringpfeil, F.; Uitto, J. Identification of ABCC6 Pseudogenes on Human Chromosome 16p: Implications
for Mutation Detection in Pseudoxanthoma elasticum. Hum. Genet. 2001, 109, 356–365. [CrossRef]
32. Miksch, S.; Lumsden, A.; Guenther, U.P.; Foernzler, D.; Christen-Zäch, S.; Daugherty, C.; Ramesar, R.K.S.; Lebwohl, M.; Hohl, D.;
Neldner, K.H.; et al. Molecular Genetics of Pseudoxanthoma elasticum: Type and Frequency of Mutations in ABCC6. Hum. Mutat.
2005, 26, 235–248. [CrossRef] [PubMed]
33. Murro, V.; Mucciolo, D.P.; Giorgio, D.; Sodi, A.; Boraldi, F.; Quaglino, D.; Virgili, G.; Giansanti, F. Pattern Dystrophy-like Changes
and Coquille d’oeuf Atrophy in Elderly Patients Affected by Pseudoxanthoma elasticum. Graefes Arch. Clin. Exp. Ophthalmol. 2020,
258, 1881–1892. [CrossRef]
34. Meloni, I.; Rubegni, P.; De Aloe, G.; Bruttini, M.; Pianigiani, E.; Cusano, R.; Seri, M.; Mondillo, S.; Federico, A.; Bardelli, A.M.;
et al. Pseudoxanthoma elasticum: Point Mutations in the ABCC6 Gene and a Large Deletion Including Also ABCC1 and MYH11.
Hum. Mutat. 2001, 18, 85. [CrossRef] [PubMed]
35. Götting, C.; Schulz, V.; Hendig, D.; Grundt, A.; Dreier, J.; Szliska, C.; Brinkmann, T.; Kleesiek, K. Assessment of a Rapid-Cycle
PCR Assay for the Identification of the Recurrent c.3421C>T Mutation in the ABCC6 Gene in Pseudoxanthoma elasticum Patients.
Lab. Investig. 2004, 84, 122–130. [CrossRef]
36. Ringpfeil, F.; Lebwohl, M.G.; Christiano, A.M.; Uitto, J. Pseudoxanthoma elasticum: Mutations in the MRP6 Gene Encoding a
Transmembrane ATP-Binding Cassette (ABC) Transporter. Proc. Natl. Acad. Sci. USA 2000, 97, 6001–6006. [CrossRef]
37. Murro, V.; Mucciolo, D.P.; Giorgio, D.; Pavese, L.; Boraldi, F.; Quaglino, D.; Finocchio, L.; Sodi, A.; Virgili, G.; Giansanti, F.
Adaptive Optics Imaging in Patients Affected by Pseudoxanthoma elasticum. Am. J. Ophthalmol. 2020, 224, 84–95. [CrossRef]
[PubMed]
J. Clin. Med. 2021, 10, 2710 17 of 18
38. Chassaing, N.; Martin, L.; Mazereeuw, J.; Barrié, L.; Nizard, S.; Bonafé, J.-L.; Calvas, P.; Hovnanian, A. Novel ABCC6 Mutations in
Pseudoxanthoma elasticum. J. Investig. Dermatol. 2004, 122, 608–613. [CrossRef]
39. Struk, B.; Cai, L.; Zäch, S.; Ji, W.; Chung, J.; Lumsden, A.; Stumm, M.; Huber, M.; Schaen, L.; Kim, C.A.; et al. Mutations of the
Gene Encoding the Transmembrane Transporter Protein ABC-C6 Cause Pseudoxanthoma elasticum. J. Mol. Med. 2000, 78, 282–286.
[CrossRef]
40. Germain, D.P.; Perdu, J.; Remones, V.; Jeunemaitre, X. Homozygosity for the R1268Q Mutation in MRP6, the Pseudoxanthoma
elasticum Gene, Is Not Disease-Causing. Biochem. Biophys. Res. Commun. 2000, 274, 297–301. [CrossRef] [PubMed]
41. Garcia-Fernandez, M.I.; Gheduzzi, D.; Boraldi, F.; Paolinelli, C.D.; Sanchez, P.; Valdivielso, P.; Morilla, M.J.; Quaglino, D.; Guerra,
D.; Casolari, S.; et al. Parameters of Oxidative Stress Are Present in the Circulation of PXE Patients. Biochim. Biophys. Acta 2008,
1782, 474–481. [CrossRef] [PubMed]
42. Jin, L.; Jiang, Q.; Wu, Z.; Shao, C.; Zhou, Y.; Yang, L.; Uitto, J.; Wang, G. Genetic Heterogeneity of Pseudoxanthoma elasticum: The
Chinese Signature Profile of ABCC6 and ENPP1 Mutations. J. Investig. Dermatol. 2015, 135, 1294–1302. [CrossRef]
43. Noji, Y.; Inazu, A.; Higashikata, T.; Nohara, A.; Kawashiri, M.; Yu, W.; Todo, Y.; Nozue, T.; Uno, Y.; Hifumi, S.; et al. Identification of
Two Novel Missense Mutations (p.R1221C and p.R1357W) in the ABCC6 (MRP6) Gene in a Japanese Patient with Pseudoxanthoma
elasticum (PXE). Intern. Med. 2004, 43, 1171–1176. [CrossRef] [PubMed]
44. Atzori, L.; Zucca, M.; Vivanet, C.; Sanna, C.; Pilloni, L.; Ferreli, C. Aesthetic Complaints as Clue to Pseudoxanthoma elasticum. Glob.
Dermatol. 2015, 2, 103–106. [CrossRef]
45. Uitto, J.; Pulkkinen, L.; Ringpfeil, F. Molecular Genetics of Pseudoxanthoma elasticum: A Metabolic Disorder at the Environment-
Genome Interface? Trends Mol. Med. 2001, 7, 13–17. [CrossRef]
46. Iwanaga, A.; Okubo, Y.; Yozaki, M.; Koike, Y.; Kuwatsuka, Y.; Tomimura, S.; Yamamoto, Y.; Tamura, H.; Ikeda, S.; Maemura, K.;
et al. Analysis of Clinical Symptoms and ABCC6 Mutations in 76 Japanese Patients with Pseudoxanthoma elasticum. J. Dermatol.
2017, 44, 644–650. [CrossRef] [PubMed]
47. Zuily, S.; Angioi, K.; Fauret, A.-L.; Golmard, L.; Saadi, L.; Huttin, O.; Anxionnat, R.; Evon, P.; Marie, P.-Y.; Jeunemaitre, X.; et al.
Severe and Diffuse Arterial Lesions in a Patient with Pseudoxanthoma elasticum. J. Am. Coll. Cardiol. 2012, 59, 1991. [CrossRef]
48. Boraldi, F.; Lofaro, F.D.; Costa, S.; Moscarelli, P.; Quaglino, D. Rare Co-Occurrence of Beta-Thalassemia and Pseudoxanthoma
elasticum: Novel Biomolecular Findings. Front. Med. 2020, 6, 322. [CrossRef]
49. Murro, V.; Mucciolo, D.P.; Sodi, A.; Boraldi, F.; Quaglino, D.; Virgili, G.; Rizzo, S. Peripapillary Comet Lesions and Comet Rain in
PXE-Related Retinopathy. Graefes Arch. Clin. Exp. Ophthalmol. 2018, 256, 1605–1614. [CrossRef] [PubMed]
50. Hendig, D.; Schulz, V.; Eichgrün, J.; Szliska, C.; Götting, C.; Kleesiek, K. New ABCC6 Gene Mutations in German Pseudoxanthoma
elasticum Patients. J. Mol. Med. 2005, 83, 140–147. [CrossRef] [PubMed]
51. Boraldi, F.; Lofaro, F.D.; Losi, L.; Quaglino, D. Dermal Alterations in Clinically Unaffected Skin of Pseudoxanthoma elasticum
Patients. J. Clin. Med. 2021, 10, 500. [CrossRef]
52. Bergen, A.A.; Plomp, A.S.; Schuurman, E.J.; Terry, S.; Breuning, M.; Dauwerse, H.; Swart, J.; Kool, M.; van Soest, S.; Baas, F.; et al.
Mutations in ABCC6 Cause Pseudoxanthoma elasticum. Nat. Genet. 2000, 25, 228–231. [CrossRef]
53. Plomp, A.S.; Florijn, R.J.; Ten Brink, J.; Castle, B.; Kingston, H.; Martín-Santiago, A.; Gorgels, T.G.M.F.; de Jong, P.T.V.M.; Bergen,
A.A.B. ABCC6 Mutations in Pseudoxanthoma elasticum: An Update Including Eight Novel Ones. Mol. Vis. 2008, 14, 118–124.
54. Theal, M.; Sleik, K.; Anand, S.; Yi, Q.; Yusuf, S.; Lonn, E. Prevalence of Mitral Valve Prolapse in Ethnic Groups. Can. J. Cardiol.
2004, 20, 511–515. [PubMed]
55. Thrift, A.G.; Cadilhac, D.A.; Thayabaranathan, T.; Howard, G.; Howard, V.J.; Rothwell, P.M.; Donnan, G.A. Global Stroke Statistics.
Int. J. Stroke 2014, 9, 6–18. [CrossRef] [PubMed]
56. Townsend, N.; Wilson, L.; Bhatnagar, P.; Wickramasinghe, K.; Rayner, M.; Nichols, M. Cardiovascular Disease in Europe:
Epidemiological Update 2016. Eur. Heart J. 2016, 37, 3232–3245. [CrossRef]
57. SPREAD—Stroke Prevention and Educational Awareness Diffusion: Ictus Cerebrale: Linee Guida Italiane Di Prevenzione e Trattamento,
8th ed.; Pub Health: Italy, 2016.
58. Romero, V.; Akpinar, H.; Assimos, D.G. Kidney Stones: A Global Picture of Prevalence, Incidence, and Associated Risk Factors.
Rev. Urol. 2010, 12, e86–e96.
59. LaRusso, J.; Ringpfeil, F.; Uitto, J. Pseudoxanthoma elasticum: A Streamlined, Ethnicity-based Mutation Detection Strategy. Clin.
Transl. Sci. 2010, 3, 295–298. [CrossRef]
60. Verschuere, S.; Navassiolava, N.; Martin, L.; Nevalainen, P.I.; Coucke, P.J.; Vanakker, O.M. Reassessment of Causality of ABCC6
Missense Variants Associated with Pseudoxanthoma elasticum Based on Sherloc. Genet. Med. 2021, 23, 131–139. [CrossRef]
61. Li, Q.; Grange, D.K.; Armstrong, N.L.; Whelan, A.J.; Hurley, M.Y.; Rishavy, M.A.; Hallgren, K.W.; Berkner, K.L.; Schurgers, L.J.;
Jiang, Q.; et al. Mutations in the GGCX and ABCC6 Genes in a Family with Pseudoxanthoma elasticum-like Phenotypes. J. Investig.
Dermatol. 2009, 129, 553–563. [CrossRef] [PubMed]
62. Zarbock, R.; Hendig, D.; Szliska, C.; Kleesiek, K.; Götting, C. Pseudoxanthoma elasticum: Genetic Variations in Antioxidant Genes
Are Risk Factors for Early Disease Onset. Clin. Chem. 2007, 53, 1734–1740. [CrossRef]
63. Bartstra, J.W.; Risseeuw, S.; de Jong, P.A.; van Os, B.; Kalsbeek, L.; Mol, C.; Baas, A.F.; Verschuere, S.; Vanakker, O.; Florijn, R.J.;
et al. Genotype-Phenotype Correlation in Pseudoxanthoma elasticum. Atherosclerosis 2021, 324, 18–26. [CrossRef]
64. Spaide, R.F. Peau d’orange and Angioid Streaks: Manifestations of Bruch Membrane Pathology. Retina 2015, 35, 392–397.
[CrossRef]
J. Clin. Med. 2021, 10, 2710 18 of 18
65. Murro, V.; Mucciolo, D.P.; Giorgio, D.; Sodi, A.; Boraldi, F.; Quaglino, D.; Virgili, G.; Rizzo, S. Coquille d’oeuf in Young Patients
Affected with Pseudoxantoma Elasticum. Ophthalmic Genet. 2019, 40, 242–246. [CrossRef] [PubMed]
66. Agarwal, A.; Patel, P.; Adkins, T.; Gass, J.D.M. Spectrum of Pattern Dystrophy in Pseudoxanthoma elasticum. Arch. Ophthalmol.
2005, 123, 923–928. [CrossRef]
67. Finger, R.P.; Charbel Issa, P.; Ladewig, M.S.; Götting, C.; Szliska, C.; Scholl, H.P.N.; Holz, F.G. Pseudoxanthoma elasticum: Genetics,
Clinical Manifestations and Therapeutic Approaches. Surv. Ophthalmol. 2009, 54, 272–285. [CrossRef]
68. Schoenberger, S.D.; Agarwal, A. Geographic Chorioretinal Atrophy in Pseudoxanthoma elasticum. Am. J. Ophthalmol. 2013, 156,
715–723. [CrossRef] [PubMed]
69. Charbel Issa, P.; Finger, R.P.; Holz, F.G.; Scholl, H.P.N. Multimodal Imaging Including Spectral Domain OCT and Confocal near
Infrared Reflectance for Characterization of Outer Retinal Pathology in Pseudoxanthoma elasticum. Investig. Ophthalmol. Vis. Sci.
2009, 50, 5913–5918. [CrossRef]
70. Gliem, M.; Müller, P.L.; Birtel, J.; Hendig, D.; Holz, F.G.; Charbel Issa, P. Frequency, Phenotypic Characteristics and Progression
of Atrophy Associated with a Diseased Bruch’s Membrane in Pseudoxanthoma elasticum. Investig. Ophthalmol. Vis. Sci. 2016, 57,
3323–3330. [CrossRef]
71. Marchese, A.; Rabiolo, A.; Corbelli, E.; Carnevali, A.; Cicinelli, M.V.; Giuffrè, C.; Querques, G.; Bandello, F. Ultra-Widefield
Imaging in Patients with Angioid Streaks Secondary to Pseudoxanthoma elasticum. Ophthalmol. Retin. 2017, 1, 137–144. [CrossRef]
[PubMed]
72. Charbel Issa, P.; Finger, R.P.; Götting, C.; Hendig, D.; Holz, F.G.; Scholl, H.P.N. Centrifugal Fundus Abnormalities in Pseudoxan-
thoma elasticum. Ophthalmology 2010, 117, 1406–1414. [CrossRef]
73. Gliem, M.; Fimmers, R.; Müller, P.L.; Brinkmann, C.K.; Finger, R.P.; Hendig, D.; Holz, F.G.; Charbel Issa, P. Choroidal Changes
Associated with Bruch Membrane Pathology in Pseudoxanthoma elasticum. Am. J. Ophthalmol. 2014, 158, 198–207. [CrossRef]
74. Gliem, M.; Zaeytijd, J.D.; Finger, R.P.; Holz, F.G.; Leroy, B.P.; Charbel Issa, P. An Update on the Ocular Phenotype in Patients with
Pseudoxanthoma elasticum. Front. Genet. 2013, 4, 14. [CrossRef] [PubMed]
75. Auw-Haedrich, C.; Staubach, F.; Witschel, H. Optic Disk Drusen. Surv. Ophthalmol. 2002, 47, 515–532. [CrossRef]
76. Meislik, J.; Neldner, K.; Reeve, E.B.; Ellis, P.P. Atypical Drusen in Pseudoxanthoma elasticum. Ann. Ophthalmol. 1979, 11, 653–656.
77. Yan, Y.; Zhou, X.; Chu, Z.; Stell, L.; Shariati, M.A.; Wang, R.K.; Liao, Y.J. Vision Loss in Optic Disc Drusen Correlates with
Increased Macular Vessel Diameter and Flux and Reduced Peripapillary Vascular Density. Am. J. Ophthalmol. 2020, 218, 214–224.
[CrossRef] [PubMed]
78. Pipelart, V.; Leroux, B.; Leruez, S.; Henni, S.; Navasiolava, N.; Martin, L.; Ebran, J.-M. A Study of Optic Nerve Head Drusen in
38 Pseudoxanthoma elasticum (PXE) Patients (64 Eyes). Location of Optic Nerve Head Drusen in PXE. J. Fr. Ophtalmol. 2019, 42,
262–268. [CrossRef]
79. Gass, J.D.M. “Comet” Lesion: An Ocular Sign of Pseudoxanthoma elasticum. Retina 2003, 23, 729–730. [CrossRef] [PubMed]
